Although predatory bacteria had ample time to develop complex behaviors, little is known about their evolution and their roles in nature
N utrient and energy flows among organisms can be depicted as webs within which predatory interactions are extremely important. Predatory behaviors often dominate top-to-bottom relationships, while productivity tends to control bottom-to-top flows.
Prokaryotes in the environment are usually depicted as bottom-of-the-web members, responsible for two main activities: primary production of nutrients and nutrient recycling through their degradative and saprophytic capacities. However, prokaryotes have colonized this planet for about 3.8 billion years, and might have been its only inhabitants for 1 to 1.5 billion years before the appearance of unicellular grazing eukaryotes, providing ample time for predatory behaviors to emerge. Because predatory interactions between prokaryotes are difficult to study, however, our understanding of their evolution and of their role in nature is limited.
Predatory bacteria are found in virtually every habitat, including in rivers, groundwater, estuaries, the open ocean, sewage, soils, plant roots, and animal feces. In addition, environmental 16S rRNA gene sequences deposited in databases reveal that predatory bacteria also live in contaminated soils and extreme environments. These micropredators make up a diverse assemblage.
Variety Is the Spice of Life
Taxonomically defined obligate and nonobligate predatory bacteria, including a bacterium belonging to the Rickettsiales that parasitizes mitochondria of Ixodes ticks and an archeal parasite of another archeon, are found in at least 15 families in five phyla (see table) . The bestcharacterized facultative and obligate predatory bacteria belong to the Myxococcales and to the Bdellovibrionales, respectively, both in the ␦-proteobacteria phylum. Most myxobacteria are facultative predators, meaning that they are bacteriolytic and can feed, among other substrates, on a wide array of dead and live bacteria. In contrast, the Bdellovibrio and like organisms (BALOs) are obligate predators of gram-negative bacteria: they can survive only by preying on other bacteria. In addition to the described taxa, other observed predators remain to be characterized at the phylogenetic level (Fig. 1) .
Only rough estimates of predatory bacteria population levels are available, and most data concern the BALOs. Estimates of BALO pop-
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• Predatory bacteria are common and very diverse.
• Obligate and facultative predators "hunt" by different strategies.
• In obligate predators, cell size is reduced, coupling multiplication with predation.
• Predation between bacteria may have evolutionary consequences on both prey and predator; it also might explain how a protomichondrial symbiont first entered its prokaryotic host. ulation sizes are obtained using one or more potential prey strains that the predators use as a substrate in a double-layer agar plate; the resulting lytic plaques are simply counted. Typically, such analyses yield up to tens of thousands of plaque forming units per gram or per milliliter of sample.
However, the prey species that are widely used in BALO isolation protocols may not reflect the dominant prey populations in the sampled habitat. For example, Escherichia coli, which is seldom found in soils, has been extensively used to isolate BALOs from this biotope. Moreover, each BALO strain preys on its own distinctive range of gramnegative species. Since not all BALOs can use the offered prey, population levels are certainly underestimated, at least in samples originating from terrestrial and freshwater habitats.
In one of the few efforts made to isolate predators using autochthonous bacteria as prey, gram-negative bacteria from the Great Salt Lake and from the Chesapeake Bay proved susceptible to BALOs isolated from the same habitat, according They exhibit a dimorphic life cycle during which a small and highly motile cell moving by means of a single polar flagellum finds its prey and attaches to its outer membrane. Most BALOs then penetrate the prey's periplasmic space and engage in cell growth at the expense of the prey's cytoplasmic content. Growth culminates with cell replication, and progeny cells release themselves from the remnants of the consumed cell to start a new cycle. Because replication is coupled with predation, the latter is obligate. Until recently BALOs were thought to belong to the unique genus Bdellovibrio. Lately, studies based on 16S rRNA phylogeny showed that the BALOs are a varied assemblage of organisms. They are found within the ␦-proteobacterial order Bdellovibrionales, constituted by the two families Bdellovibrionaceae and Bacteriovoracaceae, as well as within the ␣-proteobacteria phylum, as Micavibrio spp.
The "classical" BALOs belong to the former two families. They make up two very distinct and divergent groups, with the Bdellovibrionaceae forming a deep, probably ancient branch within the ␦-proteobacteria. In spite of their common phenotype, it is uncertain whether the two groups are monophyletic, although our recent unpublished analyses of multiple genes suggest that they may have a common origin. Divergence within each of the two families is large, warranting the designation of new genera in addition to the ones already defined (see table) .
All examined members of the Bdellovibrionales possess a long, sheathed flagellum, and almost all penetrate the periplasmic space of their prey, where they grow as filaments and multiply by fragmenting the long cell. A few strains are epibiotic: they remain attached to the outer membrane while preying upon the substrate cell, and they divide by binary fission. Yet, they do not form a separate phylogenetic cluster, suggesting that the shift between the periplasmic and epibiotic modes of feeding might not involve very complex changes or may even be prey-dependent.
Micavibrio spp., a recently characterized group of predators, are fast-swimming organisms that bear a single, polar, nonsheathed flagellum and exhibit an epibiotic predatory phenotype. They form a deeply branching cluster within the ␣-proteobacteria. To distinguish the phylogenetic origin of obligate predators, I propose calling the Bdellovibrionales the d-BALOs and the Micavibrio the a-BALOs.
Iacta alea est: the die is cast (Julius Caesar)
To date, all observed facultative predators are also saprophytes. The division between facultative and obligate predators imposes distinctive life styles and constraints, which are reflected in the various predatory "strategies" that have been described. For instance, the Myxococcales and Lysobacter practice "wolfpack," or group predation, and require a quorum of predators to degrade the prey, using excreted hydrolytic enzymes. They are both facultative predators, endowed with gliding motion and great arsenals of lytic capabilities. Recent modeling suggests that wolfpack feeding may not be stable and might be sustained only in nonobligate predators.
A second strategy is epibiosis. It requires cell contact, and is non-exclusively found in the obligate predators Micavibrio, Vampirococcus, and some strains of d-BALOs. The attacking cell does not penetrate its prey but remains attached to the prey's cell wall. A third strategy, diacytosis, or cytoplasmic invasion, has been described in Daptobacter, an ill-defined bacterium. Finally, periplasmic invasion is found in most d-BALOs, which are obligate predators.
Although these strategies are obviously different, they do not represent sharp transitions and may be better described as a continuum of phenotypes. For example, the shift between epibiotic and periplasmic phenotypes may not require large adaptations. Also, in the nonobligate predator Myxococcus xanthus, cell-cell contact between predatory swarms and prey cells appears to trigger predation. M. xanthus cells sense macromolecules directly, rather than monomeric components released from the prey cell by the action of the predator's extracellular lytic enzymes, and cells that cannot make direct contact with these polymeric materials may not benefit from them. Moreover, at least under laboratory conditions, single Myxococcus cells can excrete enough lytic enzymes to lyse a microcolony to sustain cell division. In Lysobacter, single cells can attach to and lead to the lysis of a cyanobacterial prey cell in 20 minutes (Fig. 1) .
These examples, however, should not blur some important differences between facultative and obligate predators. To attach or not to attach, this is the commitment of obligate predators. While at first reversible, attachment is a life-or-death decision once it becomes irreversible, because the predatory act is coupled with cell multiplication. Thus, obligate predation demands efficient digestion of the prey resource through close and irreversible contact between the two cells. Nevertheless, here too, the transition between a facultative and an obligatory predatory type may not have required considerable changes.
In the d-BALOs, for example, spontaneous mutants that can grow in rich medium without prey arise at a 10 -6 to 10 -7 frequency. These host-independent mutants, when alternatively grown with a prey in a dilute medium, conserve a reduced, less efficient predatory behavior. De facto, they are facultative predators. Notably, most of the characterized host-independent strains appear to have mutated in a region congruent with predicted pilus and adherence genes, underlining the importance of tight contact between predator and prey.
For Predatory Bacteria, Size Matters, But Small Tends to Consume Big
It is usual to picture predatory interactions as "big eats small." Indeed, size may matter, but in the world of bacterial predators this assumption may work in reverse: small eats big. Since obligate predators couple feeding with multiplication, they are under important size constraints. This constraint is fundamental because each prey cell has to provide enough substrate for the predator to build at least two cells from one.
Why "choose" this constraining strategy? The answer might be a "no choice option," determined by scarce prey and oligotrophic conditions. Thus, limited nutrient levels and prey availability may modulate the aggressiveness of facultative predators. Under oligotrophic conditions substrate levels are low, and prey cells may not form assemblages large or frequently enough to feed all the cells in a wolfpack. There is therefore no advantage to work for a common good in such a group in which many will die, leading to a "each on its own," aggressive behavior. The obligate predator may be an ultimate noncooperator that forgoes cooperative behavior for selfish and aggressive action.
If correct, this surmise may also explain why cell multiplication has to be coupled with feeding: if prey is scarce and dispersed, it is extremely risky to rely on a number of successive predatory events to reach the minimal cell mass required for division, not only because these events are too rare, but also because energy is spent in cell maintenance and in seeking prey. Under such settings, the high motility exhibited by a-BALOs and d-BALOs alike could be advantageous. These conditions may have driven predators to became smaller and apply a "strike, hit, and eat" strategy. To paraphrase Theodore Roosevelt, BALOs do not have the luxury to be "bad shooters but to shoot a lot."
Evolutionary Considerations
Predatory bacteria are ubiquitous in the environment, are diverse, and prey using a number of strategies. It is conceivable that bacterial predators have a long and diverse evolutionary history. Although not abundant according to present reckoning, their population levels are far from negligible. Is it reasonable to assume then, that they can have had an impact on the evolution of their prey and on the structure of bacterial populations in general?
After Photobacterium leiognathi and a BALO spent six days together in a chemostat in 1979, a predation-resistant mutant appeared, according to Mazal Varon, who was then at the Hebrew University of Jerusalem in Israel. In theory, such a mutant could lead to extinction of the predator. The apparent tradeoff is that the mutant grows more slowly than its wild-type counterpart.
More recently, including during the 2006 ASM General Meeting in Orlando, Fla., Romain Gallet from the Université Pierre et Marie Curie in Paris, France, reported that under certain growth regimens a Bdellovibrio predator and its Pseudomonas fluorescens prey can engage in an arms race, resulting in more resistant prey and more aggressive predators. These changes begin to appear after only a few weeks of interactions between the two species.
Other studies show that predation does not lead quickly to eradication of the prey, and this survival appears to be due to a state of increased but unstable resistance in the prey. Similar phenotypic plasticity was also noted when predators attack prey biofilms.
Since BALO strains differ in prey range, yet exhibit higher predatory efficiencies for certain species within their own prey range, increased resistance may be a mechanism for regulating populations and increasing predation of "less efficient" prey. Predation efficiency appears to be linked to the effectiveness of a predator in recognizing and attaching to its prey. Thus, predation intensity may not necessarily be proportional to prey population sizes, differing from a classical "killing the winner" situation.
Fortunately, the tools for addressing questions about population levels and dynamics are becoming available. For example, Yaacov Davidov, a former student at my laboratory, has developed primer sets that specifically target various gene clusters of BALOs. Meanwhile, Susan Koval at the University of Western Ontario in London, Ontario, Canada, and her collaborators are using Bdellovibrio-specific 16S rRNA-targeted fluorescent probes. These efforts are opening the way for culture-independent quantification of BALOs in different environments that should lead to a better understanding of their impact on bacterial mortality and population structure. Moreover, ingenious ways to grow "uncultured" microbes are being devised. These organisms may now be used as prey for the isolation or at least the detection of hitherto unknown predatory bacteria.
The diversity of the phenomena of nature is so great, and the treasures hidden in the heavens so rich, precisely in order that the human mind shall never be lacking in fresh nourishment (Joseph Kepler)
F I G U R E 2
A possible evolutionary sequence for predatory bacteria. (a) Saprophytes endowed with gliding or twitching motility and able to bind to the cell wall material of dead cells and secrete hydrolytic enzymes. (b) Facultative predatory bacteria work as a group (wolfpack) to attack prey through the action of secreted hydrolytic enzymes but individual predators can also bind to prey. (c) Obligate predators necessarily attach to their prey, and cell replication is coupled with predation. Therefore, the predator is smaller than its prey. Epibiotic predation occurs when the predator remains attached to the prey's cell surface; intraperiplasmic predation requires entry into the periplasm of gramnegative prey. The shift between epibiotic and intraperiplasmic growth may not require great adaptive changes. Oligotrophic conditions may provide conditions favoring the selection of obligate predators.
The Bdellovibrio bacteriovorus type strain 100 genome is the only one among the obligate predators to be sequenced and annotated so far. It encodes a wealth of lytic enzymes, many regulators and two-component regulatory systems, and numerous pili and adhesion molecules. It also is "missing" genes for several amino-acid biosynthetic pathways. The completion and annotation of Bacteriovorax marinus and of the cyst-forming Bdellovibrio strain W should lead to a much better understanding of these obligate predators.
It would be of great value to sequence the genome of a Micavibrio strain. Although our knowledge is still fragmentary, we can formulate several questions about the origins of some predatory features (Fig. 2) . For instance, did predation evolve from the ability of saprophytes to glide on, bind to, and degrade polymeric material from dead cells? What prevents degraders from becoming "virulent" and attacking live cells? A comparative analysis of BALO genomes with the nonobligate predator Myxococcus xanthus, the genome of which was recently deciphered and analyzed, will certainly provide some answers to these and related questions pertaining to the origins of predation in prokaryotes and to any transitions between obligate and facultative predation.
There is also the intriguing possibility that predation is linked to symbiosis, as proposed by Ricardo Guerrero and Lynn Margulis in 1986. The characterization of the a-BALOs and of IricES1, a bacterium that consumes mitochondria in Ixodes ticks in a Bdellovibrio-like manner and belongs to the Rickettsiales (the extant group closest to the mitochondrion), and the occurrence of IricES1-related sequences in microbial mats provide support for an ancient origin of predatory bacteria within the ␣-proteobacteria. It is widely accepted that the protomitochondrion symbiont belonged to this phylum. To date, we know of no prokaryote that can phagocytose another cell, leaving the mechanism of entry of the protosymbiont a mystery. Also, novel data suggest that amitochondrial eukaryotes are derived from mitochondriate ancestors. Could then ancient ␣-proteobacterial predatory bacteria have played a role in the evolution of the mitochondrial symbiosis, if their predatory aggressiveness could have been moderated?
The power of the "-omics" tools conjugated with ecological insight now provides the right combination to turn the difficulties of studying prokaryotic predation into the beauty of understanding nature.
